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Summary

This paper describes the results of a 44 case

study analysis of the large-scale atmospheric

structure associated with development of

accident-producing aircraft turbulence. First, the

44 cases are categorized as a function of the

accident location, altitude, time of year, time of

day, and the turbulence category, which classifies

a disturbance as in clear air, in-cloud, in

convection, near mountains, or near but not in

deep convection. It is noteworthy that cases fell

more frequently in this latter category than was

initially anticipated. Second, National Centers for

Environmental Prediction Reanalyses data sets

and satellite imagery are employed to diagnose

synoptic scale "predictor" fields associated with

the large-scale environment preceding severe
turbulence.

The results of these analyses indicate a

predominance of severe accident-producing

turbulence within the entrance region of a jet

stream at the synoptic scale. Typically, there is a

region of flow curvature just upstream within the

jet entrance region, convection is within 100 km

of the accident, vertical motion is upward,

absolute vorticity is low, vertical wind shear is

increasing, and horizontal cold advection is

substantial. The most consistent predictor is

upstream curvature in the flow. Nearby

convection is the second most frequent predictor.

1. Introduction

Turbulence is an extraordinarily challenging

subject long studied by engineers, computational

fluid dynamics experts, and atmospheric
scientists. It is of critical interest to aviators

because of the significant impact it can have on

aircraft. According to a 1998 press release from

the U.S. Department of Transportation, in-flight

turbulence is the leading cause of nonfatal

accidents to airline passengers and flight

attendants. Major airlines reported 252 incidents
of turbulence that resulted in 2 deaths, 63 serious

injuries, and 863 minor injuries from 1981-1996.

Pilots generally do not know when severe
turbulence will occur because there is little

warning from meteorologists. Turbulence is

extremely difficult to predict due to the fact it

often occurs in a microscale environment, usually

from hundreds of square meters to 1 to 2 km 2 in
area.

Previous studies of synoptic environments

producing turbulence have shown that turbulence

can occur near upper level frontal zones (Reed

and Hardy 1972), near mountains (Lilly and

Zipser 1972; Clark et al. 2000), and in clear air

(CAT) (Chambers 1955). Turbulence can also

occur in and near convection due to the violent,

rapidly changing upward and downward motions,

and due to gravity waves that can form in and

around the convection (Kaplan et al. 1997; 2000).

Roach (1970) and Reed and Hardy (1972) showed
that the confluence of two different flow fields in

the entrance region of a jet stream is conducive to

turbulence generation. Uccellini et al. (1986)

showed, through observations and numerical

model simulations, that at the time of the Space

Shuttle Challenger accident the polar jet (PJ) and

the subtropical jet (ST J) were juxtaposed over the

launch site, a condition that can produce very

large vertical wind shears. Endlich (1964), Reiter

and Nania (1964), Mancuso and Endlich (1966),

Keller (1990), and Ellrod and Knapp (1992)

focused on the possible relationship between

frontogenesis, jet streams, wind shear, and CAT.

Ellrod and Knapp (1992) observed that much of

the significant CAT in their data occurred where
the total deformation and vertical wind shear were

both relatively large. They formulated an equation

relating vertical wind shear and deformation:

TI1 = VWS x DEF (1)

where VWS = vertical wind shear and DEF =

total deformation. Both these values, in units of

s -2, were obtained from u and v components

produced by numerical forecast models from the

National Meteorological Center. Knox (1997)

examined CAT in regions of strong anticyclonic

flow. He argued that the linkage between

frontogenesis, deformation, and CAT is not

appropriate in anticyclonic flows and that the

CAT generated in anticyclonic flow is not

accounted for in conventional CAT theory. He

suggested that geostrophic adjustment and inertial



instability,especiallyin stronglyanticyclonic
flows,couldcauseCAT.Heproposedthatfuture
CAT indicesshouldincludeinertialinstability
andgeostrophicadjustmentin theirformulations.
Existing operationalturbulenceforecasting
algorithms,suchasthosedevelopedbyMarroquin
(1998),Marroquinet al. (1998),andSharman,
Wiener,and Brown (2000),aredesignedto
provideforecastguidancefor a spectrumof
turbulenceintensitiesfromlighttosevere.

Thisthree-partsequenceof papersdiffersfrom
theaforementionedstudiesin thatthefocusis
restrictedto severeaccident-producingaircraft
turbulence.An accidentin thisstudyindicatesan
event during which injuries occurred to
passengersand/orcrewas a result of severe
turbulence.It is importantto emphasizethe
elementof surpriseassevereturbulenceis totally
unexpected;as such,little couldbe doneto
preventinjuries to passengersor crew. By
analyzingaccident-producingcasestudieswe
striveto developbetterforecastingproductsfor
predictionof thishazardto commercialaviation.
Furthermore,aspartof thisprocess,weplanto
synthesizethesequenceof dynamicaladjustments
thatleadto violentturbulenceinto a paradigm
thatisconsistentlyusefulin understandingwhen
andwheresevereturbulencewill occur.

In Part I of this study,an observational
analysisof the synopticscalemeteorological
conditionspresentin 44casesof reportedsevere
accident-producingturbulenceisperformed.The
commondynamicsignalsin thesecasesare
examinedanda paradigmof themostprevalent
atmosphericconditions is formulated.The
purposeis to providea foundationfor the
mesoscaleandmicroscalesimulationstudiestobe
presentedin PartsII andIII, in otherwords,to
provide coarsebut highly persistent and
reproducibleevidenceof thesynopticstateof the
atmosphereprior to severeturbulenceevents.
Whencoupledwith the very high-resolution
simulationstudiesin PartsII andIII, aparadigm
will emergeforming the groundworkfor
developmentof an improvedsevereturbulence
potentialforecastproduct.

In thefollowingsection,theprocessbywhich
datafor the44caseswereobtainedisgiven,the
wayin whichindividualcaseswereclassifiedis
discussed,andbackgroundinformationfor the
casesis provided.Section3 discusseshowthe
datawereprocessedandthecommonsynoptic
meteorologicalsignals detected.Section 4
describesseveralspecificcasestudyexamplesof
the primary commonsynopticobservational
featuresin theaccident-producingturbulencecase
studies.Finally,section5 presentsasummaryin
theformof asynopticscaleparadigmthatserves
as a logical precursorto the mesoscaleand
microscaleissuesto be discussedin PartsII
andIII.

2. Forty-Four Case Study

Categorization

2.1. Data Description

Classification data for 44 cases of severe

turbulence, i.e., wherein commercial aircraft

encountered severe turbulence and onboard

injuries occurred, were obtained from the

National Transportation Safety Board (NTSB)
archive of aviation accident narratives. These case

studies occurred from 1990-1996 and the list of

cases was provided by NASA Ames Research

Center. Also included were the date, approximate

location of the turbulence, time, height, and the

probable class/cause of the turbulence. The
classes of turbulence were sorted into four

categories: clear air turbulence (CAT), mountain

(MTN), thunderstorm (TRW), and cloud (CLD).

However, the only information about weather

included in the NASA analysis was the surface

aviation station observation at the hourly time

period closest to the accident. This obviously falls

short of a comprehensive synoptic scale analysis;

therefore, in order to thoroughly diagnose the

synoptic regime present for these cases, National

Centers for Environmental Prediction (NCEP)

Global Reanalyses data sets (Kalnay et al. 1996)

were obtained for all 44 cases. The reanalysis data

consisted of six hourly data sets of temperature,

height, wind, and mixing ratio on constant



pressuresurfacesacrossthe globe.Thedata
constitute observationsfrom rawinsondes,
profilers,satellite,radar,andsurfaceobservations
assimilatedonto a grid of 2.5° horizontal
resolutionfor all mandatorylevels.Thegraphical
analysiswasdoneusingGEMPAK5.4.Also to
aidinouranalysis,NOAANESDIS-derivedhigh-
resolution1-kmvisibleand4-kminfraredsatellite
imagerywereused.Thiswasavailablefor43of
the44casestudiesandwasusefulindetermining
thetypeanddistributionofcloudsforthecases.

2.2. Further Classification of Turbulence

Categories

After performing an in-depth analysis of

satellite data associated with the 44 cases, it

became obvious that the classification of

turbulence was incomplete. There were several
case studies wherein the turbulence occurred in

proximity to but not directly within ongoing deep
convection, like that of a thunderstorm. This

situation occurred because pilots generally

attempt to circumnavigate deep convection, but

often the violent turbulence was reported

immediately after a pilot had passed by the

convection. A new category was therefore created
to describe thunderstorm conditions that occurred

in proximity to the aircraft and that were

accompanied by severe turbulence when the

aircraft was clearly not in the convective cells. In

other words, the pilots had to report sitings of

convection even though turbulence occurred after

the aircraft was out of convective clouds. (It

should be noted that in this instance we are

describing deep convection with at least a level

one intensity on radar. In a more general sense,

convection was ubiquitous in these case studies

even when the bases were in the middle and upper

troposphere, unlike typical thunderstorms.) This

new category was named TRW* for convective

storms within a reasonable view of the cockpit

and noted by the pilot, but with turbulence

occurring outside of the convection. An example
of TRW* can be seen for a case of turbulence

near South Bend, Indiana, that occurred at 2159

UTC 7 July 1994. Figure l(a) shows the NTSB

narrative for the incident and figure l(b) shows

the GOES visible satellite imagery of the accident

location near South Bend at 2201 UTC

7 July 1994. Upon examining the NTSB report,

one finds the pilot did not mention flying directly

in convection within the area and therefore NASA

personnel classified this case as CAT. It is

apparent, however, that widespread convection

existed very close to South Bend, and the pilot did

note that radar was used to avoid weather, the

implication being that the pilot was near but not

within deep convection at the time of the accident.

The addition of the TRW* category led to a

change in breakdown of the probable causes of
turbulence for all the case studies. Table 1 shows

the numeric distribution of weather categories for

the 44 cases based on the original NASA

classification. Table 2 depicts the numerical

redistribution of case studies from their original

classifications to the TRW* category. (Note that

the TRW* category constitutes 13 of the 44 cases

and is the second largest classification.)

Additional analysis using satellite imagery
showed that nine of the cases that remained

classified CAT and two that remained classified

as MTN were actually within 30 km of deep

convection although no convection was noted in

pilot reports. These cases were not added to the

TRW* category because the pilot noted no

convection; nevertheless, this seemed to indicate

that proximity to convection was an important

consideration. Additionally, the 44 case studies

were categorized as a function of geographical

region, time of year, time of day, and altitude. The

findings include the following:

(1) The location where severe turbulence was

most often encountered was the southeastern

U.S., followed by the south-central U.S. and

the tropical oceanic regions, all of which
account for more than half of the total

(table 3).

(2) The time of year most common was the

warm season--more than 40 percent of case
studies occurred in summer--with June and

July having the most frequent occurrences

and the combined spring and summer period

accounting for more than 70 percent of the

total (table 4).



(3) The preferred time of day was between 1700

and 0000 UTC, wherein more than half the

case studies occurred (table 5).

(4) The preferred altitude (not including case

studies reported as descent, final approach,

or climb out) was between 9 and 12 km with

close to 40 percent of case studies lying in

this range; the 6 to 9 km range accounted for

nearly half the remaining case studies, and

an average elevation of ~7300 m existed for

all case studies (table 6).

(5) TRW* case studies were more numerous

than TRWs and nearly as numerous as

CATs, a finding consistent with the first

four. All findings highlight the importance

of convection, which was within 100 km of

turbulence in 86 percent of the case studies

(table 10). Proximity to convection was

likely more important than existence of a

very strong jet stream, which occurred in a

minority of case studies. Typically the jet

stream was in proximity to the accident but

was not notably strong.

3. Diagnosis of the Synoptic

Paradigm

3.1. Calculation of the Synoptic Predictor

Fields

In an effort to determine the most prevalent

synoptic scale atmospheric configuration

associated with severe turbulence reports, nearly

two dozen predictor fields from the NCEP

Reanalyses data sets and the corresponding

satellite images were calculated. By predictor

fields it is meant those fields unambiguously
associated with the location and time of a

turbulence accident event. Predictor fields were

composed of kinematical, dynamical, and

thermodynamic fields, i.e., dependent variables or

vertical wind shear, static stability, vorticity,

divergence, and vertical motions, etc. (table 9).

Calculating the predictor fields technically meant

diagnosing whether or not these specific

dynamical fields tended to be large or small in

magnitude, or in a certain configuration when and

where severe turbulence occurred. The diagnostic

process therefore aided in determining the relative

utility of predictor fields in forecasting

turbulence. By doing this for many different

dependent variables and derived fields, a synoptic
model of the environment favored for severe

accident-producing turbulence could be built. No

in-depth statistical analyses were performed

employing these predictor fields due to the small

sample size of case studies belonging to each

category of turbulence. Since in-depth statistical

analyses were not possible, the predictor status is

intended to suggest association based on

proximity.

Calculations of the predictor fields were

performed at the 6-hourly NCEP Reanalyses data

sets time and satellite imagery time (typically

within 4 to 8 minutes) closest to the NTSB data

base's reported time of the accident. The predictor

fields were ascertained at the constant pressure
level closest to the altitude of the accident and

centered in space on the location of the accident.
Horizontal and vertical cross sections were

constructed and the closest available

analyses/satellite data time used in an effort to

derive predictors centered in three-dimensional

space. Vertical cross sections were calculated

both along and normal to the jet stream, centered

on the accident location, and agreed tangentially

to the flight path of each accident from

origination to destination. Tables 7 through 9

depict lists of these horizontal and vertical cross

section fields as well as the specific predictor
fields.

3.2. Primary Signals in the Synoptic
Predictor Fields

The synoptic predictor fields depicted in

table 9 represent standard derived quantities often

associated with turbulence in meteorological

literature (e.g., Keller 1990; Ellrod and Knapp

1992; Knox 1997). These predictor fields were

calculated and then the magnitudes compared to
location, elevation, and time of the accident. From

these comparisons, we were able to derive simple

numerical indicators of the most and least useful

predictor fields for determining when and where



severeaccident-producingturbulenceshouldbe
occurring. Table 10 showsthe five most
meaningfulpredictorsfromallcasestudiesbased
on their proximity in spaceandtime to the
accidents:

(1)Upstreamtrough/ridgeaxisin theheight
field at a distanceof lessthan500 km
(occurringin43of the44cases)

(2) Convectionless than 100 km away
(occurringin 38of the44cases)andatthe
accidentsite

(3)Upwardverticalmotion

(4)Layer-averagedabsolutevorticity_<10-4s-1

(5)Jetstreamentranceregion(occurringin 34
ofthe44cases)

While there are slight variations for each
individualcategoryof turbulence,asdepictedin
tables11through15,themostpersistentsignals
acrossthevariouscategoriesarearidgeor trough
axis and hencea region of changingflow
curvature,convection,upwardverticalmotion,
lowrelativevorticity,theentranceregionof ajet
stream,andhorizontalcoldadvection.

4. Synoptic Signals in Individual
Case Studies

This section of the paper briefly describes

seven case study examples from several

categories, including TRW*, TRW, CAT, and

CLD, that indicate the preferred synoptic regime

for severe turbulence and emphasize the

redundancy of many synoptic predictor fields. As

can be seen from table 10, many of the studies

share all or a majority of the key characteristics
that will be described. Therefore, these seven

studies are highly representative of the majority of

cases as they all occur within a curved flow

regime, within the entrance region of a jet stream,

with upward vertical motion, low relative

vorticity, cold air advection, and nearby

convection. All occurred relatively close to a
minimum value of the vertical variation of the

Richardson number, although coarse, three-

dimensional resolution of the data produced
Richardson number values that varied

considerably and were relatively large in

magnitude. We will also examine a case that

violated this paradigm and discuss common

factors that served as significant outliers in

approximately 20 to 25 percent studies.

4.1. South Bend, Indiana--TRW*,

July 7, 1994

Figure 1 describes the NTSB narrative for this

accident event, indicating nearby convection, but

includes no pilot report of being in a convective

cell during the turbulence incident, which

occurred between 500 and 400 mb. Other key

fields are depicted in figure 2, illustrating a

500 mb flow regime in which a moderately strong

jet core was located over Quebec with the

accident location in the right entrance region of

that jet core. The ageostrophic flow was directed
toward the left and there was a definite

anticyclonic to cyclonic variation in flow

curvature. Absolute vorticity values were less

than the Coriolis parameter, indicating negative

relative vorticity. An along-stream variation of
ascent indicated the curved structure of the flow

with the accident site still in the upward motion at

the time of the observations. Additionally, weak

cold advection was occurring near and just

upstream of the accident location. There was no
relative Richardson number minimum near the

level of the accident.

4.2. Alma, Georgia--CAT,

March 16, 1995

While this was categorized as a CAT case

study because the pilot did not mention nearby

convection (fig. 3(a)), deep convective cells were

obviously near the aircraft's flight path as can be

seen from the satellite image in figure 3(b).

Figure 4 indicates that the accident occurred

within the left entrance region of a moderately

strong ~200 mb jet stream centered over southern

Florida. The ageostrophic flow was leftward
directed and there was neutral-weak cold

advection. Substantial flow curvature existed as



theaccidentlocationwasbetweena relatively
shortwavelengthridgeto theeastanda trough
upstream,andwithintheupwardmotionregion.
Absolutevorticityvalueswereslightlylargerthan
the Coriolisparameter,indicatingthat the left
entranceregionwasnota locusof largecyclonic
vorticity,thatis,thevorticitymaximumwasmore
closelyalignedwith thecycloniccurvaturejust
upstream.Therewasno relative Richardson
numberminimumneartheleveloftheaccident.

4.3. Granite, Colorado--CAT,

June 22, 1996

This case study occurred near 400 mb in

proximity to deep convection. However, as in the

previous case study, the pilot's not mentioning or

reporting the presence of convection caused it to

be classified as CAT (fig. 5). The accident occurs

in the right entrance region of a moderately strong

jet stream as is depicted in figure 6. The upstream

flow curvature is significant. The ageostrophic

flow is directed slightly to the left, the absolute

vorticity is approximately equivalent to the

Coriolis parameter, there is cold advection, and
the vertical motion is in the transition zone from

sinking to rising motion at the synoptic scale.

However, the multiple convective cells imply

numerous subsynoptic scale ascent regions. The

Richardson number was low through a deep layer

including the accident level.

4.4. Miami, Florida -- TRW,

July 14, 1990

This event occurred within deep convection

(fig. 7) at a relatively low elevation of ~4000 m.

A weak jet core was centered to the northeast of

Florida with its right entrance region over Miami

(fig. 8(a)). Strong curvature existed just south of

the accident location wherein upward vertical

motion and cold advection were occurring.

Absolute vorticity values were considerably less

than the Coriolis parameter, indicating negative

relative vorticity. The ageostrophic flow was

again leftward directed. A relative Richardson
number minimum was observed near the accident

elevation.

4.5. Fort Myers, Florida--CAT,

July 18, 1990

In this event no mention of convection was

found in the NTSB narrative; thus, it remained a

CAT case study even though the aircraft was very

close to deep convection, as can be seen in

figure 9. The 300 mb winds (fig. 10) indicate two

jet streams, a moderately strong westerly wind

maximum over the Carolinas and a weak easterly

maximum over the Bahamas. Fort Myers was

located in the right entrance region of the

northernmost stream. A comparison with the flow

at 200 mb (not shown) indicates that the accident

level was in the transition zone from a dominance

of the westerly stream to the easterly stream at

~250 mb. The curvature maximum was again just

south of the accident location and the vorticity

was considerably less than the Coriolis parameter

in magnitude. Ageostrophic flow was directed

toward the jet and into the jet entrance region.

Weak cold advection and upward vertical motion

were both occurring in the accident location. A
relative Richardson number minimum was

observed at the accident location.

4.6. East Hampton, New York--TRW,

June 29, 1994

In this case study, the aircraft was in-cloud and

there were nearby thunderstorms. It was very hard

to decipher exactly where the aircraft was relative
to convection at the time of severe turbulence

(based on the narrative provided in fig. 11). The

satellite imagery indicates abundant nearby

convection. The event occurred on the right flank

of and very close to the entrance region of a

moderately strong 300 mb jet stream centered
north of the accident location with leftward-

directed ageostrophic flow (fig. 12). There was a

pronounced upstream curvature maximum with

strong cold advection, upward vertical motion,

and absolute vorticity much less than the Coriolis

parameter. A relative minimum in the Richardson

number could be found just below the accident
location.



4.7. Grand Rapids, Michigan--TRW*,

August 4, 1995

In this case study, while the pilot reported no

convection, weather logs of the airline indicated

that convection was nearby during the turbulence

event, as can be seen in figure 13(a). The satellite

imagery indicated convection very close to the

accident location (fig. 13(b)). It occurred just

below 300 mb where a fairly weak jet core was
located over the northern Great Lakes and south-

central Canada (fig. 14(a)). The accident occurred

in the right entrance region of the stream with

leftward-directed ageostrophic flow. Cold

advection, upward vertical motion, and very low

absolute vorticity existed where the accident was

reported. Curvature was weaker than most case

studies but still existed upstream. A relative
minimum of Richardson number could be found

at the level of the accident.

4.8. Counterpoint Case Studies

While approximately 75 to 80 percent of the

44 case studies closely share the aforementioned

dynamical characteristics, for the remaining ~20

to 25 percent, many aspects of the synoptic
environment differ. These anomalies are found for

all five categories of turbulence; an example of

such an anomaly is seen in figure 15. A TRW-

category case study accident occurred near

Buffalo, New York, on March 23, 1991 at

~250 mb. Nothing about this case study conforms

to the previous seven studies except that there

were significant curvature and cold advection.

This accident occurred in the left exit region of a

highly curved jet stream with sinking motion and

rightward-directed ageostrophic flow. Accidents

in the right entrance region with ascending

leftward-directed ageostrophic flow were much

more typical. Further, the vorticity is much

greater than the Coriolis parameter rather than

less as was the case in the previous seven studies

and the majority of other cases. Finally, there is
no obvious relative minimum in the vertical

profile of the Richardson number. Only a few of

these 10 anomalous cases differ so drastically

from the 34 others. In fact, all but two of the ten

cases have significant cold advection, all but one

have a highly curved jet stream, and all but seven

have very low absolute vorticity.

One could infer that when the classic jet

stream structure--entrance region location of the

accident, upward vertical motion, or low

vorticity--is missing, the cold advection and

curvature increase considerably. The inference is

that some combination of curvature and

solenoidal�cold frontal structure is the key to

understanding what establishes an environment

predisposed to turbulence. The paradigm seems

strongly weighted toward inertial-advective

adjustments in a baroclinic zone. Hence,

ageostrophic frontogenetical processes are likely

important in the turbulence accident environment.

This clearly indicates, however, that signals at the

synoptic scale are only a partial indicator of the

possibility of severe turbulence and that

mesoscale and microscale processes may refine

the probability of how favorable or unfavorable a

synoptic environment will be for producing

turbulence. Additional research may very well

yield a mesoscale and/or microscale synthesis that

distills the common signals among all 44 case
studies.

5. Summary and Discussion

Part I of this study has shown that

atmospheric, geographical, and seasonal
commonalities were observed in 44 cases of

severe turbulence. NCEP Reanalyses data were
obtained for all case studies and used in the

analysis. The data indicate that for these cases, the
most common time and location for severe

turbulence to occur were in the summer at a flight
level between 9000 and 12 000 m across the

southeastern United States. Also, by using

satellite imagery to aid in our analysis, it was

determined that convection played a key role in

the severe turbulence reports in this data set with

a majority of the cases (86 percent) occurring
within 100 km of moist convection. It was

also shown that the most important synoptic

signals pointed to an environment where

convection coincided with a curved jet stream

entrance region, upward vertical motions, low

relative vorticity, horizontal cold advection, and



leftward-directedageostrophicflow. Increasing
vertical wind shearwith time was a rather
commonfeatureaswell.It wasalsoapparentthat
relativeminimumvaluesof Richardsonnumber
calculatedfrom synopticscaleobservationsare
notwell-correlatedwith incidentsof turbulence,
probablydueto thelackof verticaldetailin the
observationaldatasets.In addition,thestrengthof
thejet streamwaslessclearlyassociatedwith
turbulenceaccidentsthanweretheconvectionand
thejet's curvature.Thesefeatureswererelatively
similarin all fivecategoriesof turbulence.When
all five features,or predictors,werenotpresent,
strongsignalsof curvatureandcold advection
were still evident,indicatingthat thesetwo
processesor theireffectson themesoscaleand
microscaleenvironmentssomehowarecriticalto
the developmentof turbulence.The synoptic
evidencepointstowardthejuxtapositioningof
inertial-advectiveforcing (large horizontal
curvatureandlow verticalvorticity)andcoldair
advectionin anenvironmentthatsupportsmoist
convection.Thistypeof environmentwouldbe
favoredby a confluentjet entranceregionor
regionswherecurved flow supportshighly
ageostrophicascendingmotions and moist
convection.

Oneof theimportantconclusionsof thisstudy
is thata relativelysmallnumberof theevents
wereactuallyassociatedwithCAT.

In PartsII andIII of thisstudy,thesefindings
will becomparedwith four additionalcasesof
severeaccident-producingturbulenceincluding
convectiveandclear-aircasestudies.All fourof
thesecasestudiessharethesamesynopticsignals
describedin thepresentresearch.Theanalysisin
PartsII andIII will focusonamuchsmallerscale
by examiningthemeso-betaandmeso-gamma
scalesignalsderivedfromnumericalsimulations
fortheaccidentsitesofthesefourcases.
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Table1.44CaseStudyNTSBDataBaseSummary

NTSBnumber Date Location
BFO90LA043 05/11/90Washington,DC
MIA90LA152 07/14/90Miami,FL
MIA90LA155 07/18/90
FTW90LA156 08/09/90
CHI91LA115

FortMyers,FL
CorpusChristie,TX

03/23/91Buffalo,NY
ATL91LA091 05/04/91Tulsa,OK
SEA91LA126 06/05/91Elko,NV
BFO91LA055 06/16/91Philadelphia,PA

07/01/91Newark,NJNYO91LA164
ATL91LA123 07/04/91Alma,GA
FTW92LA001 10/05/91LittleRock,AR
FTW92LA142 05/14/92Palacios,TX
CHI92LA206 07/02/92Janesville,WI
FTW92LA200 08/03/92Springfield,MO
BFO93LA048
MIA93LA090

03/05/93Philadelphia,PA
03/23/93Jacksonville,FL
03/31/93DCA93MA033

CHI93LA192 06/04/93
Anchorage,AK
Chicago,IL
Baraboo,WICHI93LA224 06/24/93

MIA93LA151 07/16/93Caribbean(Nof
Venezuela)

ATL93LA159 09/15/93Atlanta,GA
MIA94LA010 10/22/93Atlantic(450NMSEof

Miami,FL)
LAX94LA041 02/12/94Pacific(10S157E)
NYC94LA111 06/29/94
MIA94LA173

EastHampton,NY
07/05/94Valdosta,GA

FTW94LA229 07/07/94SouthBend,IN
MIA94LA214 09/19/94WestPalm,FL
MIA95LA055 01/06/95Monroe,LA
ATL95LA062 03/16/95Alma,GA
FTW95LA176 04/19/95Utopia,TX
CHI95LA188 06/20/95
CHI95LA271 08/O4/95

Champagne,IL
GrandRapids,MI

LAX96LA019 10/17/95Pacific(40N152E)
MIA96LA019 11/07/95Pensacola,FL
SEA96LA026 11/25/95Portland,OR
LAX96LA090 12/30/95Honolulu,HI
MIA96FA064 01/17/96CatIsland,BA
FTW96LA107 01/28/96Bernal,NM(AGL)
FTW96LA157 03/23/96Taos,NM
IAD96LA220 04/07/96300NMSWofBermuda
FTW96LA271 06/22/96Granite,CO

08/29/96Chattanooga,TN
11/19/96Bishop,CA
12/20/96Denver,CO

MIA96LA220
LAX97LA051
FTW97LA070

Time
1700Z
1949Z
2048Z
1315Z
2315Z
2240Z
0100Z
1900Z
0047Z
1607Z
0730Z
0150Z
0550Z
1915Z
2140Z
2352Z
2034Z
2340Z
1729Z
0815Z

0145Z
0730Z

1345Z
1745Z
1210Z
2159Z
2239Z
1520Z
1935Z
0341Z
2310Z
0248Z
0944Z
2056Z
2323Z
1943Z
1938Z
2200Z
1620Z
0000Z
2145Z
1953Z
0150Z
0050Z

HT(MSL)
2800m
4100m
10100m
11000m
10300m
14300m
Cruise
6700m
l1700m
12300m
l1700m
4300m
8700m
6500m
FinNa
770m
670m
Climb
9700m
l1700m

4500m
l1700m

l1700m
8000m
6000m
6700m
Descent
3062m
12300m
8300m
13000m
9000m
11000m
6000m
6700m
2300m
l1700m
333m
11000m
10300m
8000m
l1700m
9700m
4700m

Type
CAT
TRW
CAT
CAT
CAT
TRW
CAT
TRW
TRW
TRW
TRW
CLD
TRW
TRW
CLD
TRW
MTN
CAT
CLD
CLD

TRW
CAT

TRW
TRW
CAT
CLD
CLD
CAT
CAT
CAT
TRW
TRW
CAT
CAT
CAT
TRW
TRW
MTN
CAT
CAT
CAT
CAT
CAT
MTN

Case
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
2O

21
22

23
24
25
26
27
28
29
3O
31
32
33
34
35
36
37
38
39
4O
41
42
43
44
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Table2.44CaseStudyTurbulenceCategories

Type PreliminaryNo.ofcaseslosttotype Finaltotaltotal TRW*
CAT 19 -3 16
TRW 16 -8 8
CLD 6 -2 4
MTN 3 -0 3
TRW* 0 13

Table3.44CaseStudyLocationDistribution

Caselocation No.ofcases

WarmOcean 7
NorthwestU.S. 5
SouthwestU.S. 3
NorthCentralU.S. 6
SouthCentralU.S. 7
NortheastU.S. 6
SoutheastU.S. 10
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Month

January
February
March
April

No.of
cases

3
1
6
2

Table4.44CaseStudyMonthlyDistribution

No.ofMonth Monthcases
May 3 September
June 7 October
July 8 November
August 4 December

No.of
cases

2
3
3
2

Season

Winter
Spring
Summer
Autumn

No.of
cases

6
11
19
8

Table5.44CaseStudyDiurnalDistribution

Timeofday No.ofcases
01-04Z 8
05-08Z 4
09-12Z 2
13-16Z 5
17-20Z 10
21-00Z 15

Table6.44CaseStudyAltitudeDistribution

Altitude No.ofcases
1-3000m 5
3001-6000m 5
6001-9000m 10
9001-12000m 16
12001-15000m 4
>15000m 0

12



Table7.HorizontalCrossSectionalFieldsCalculatedattheLevel,
BelowtheLevel,andAbovetheLeveloftheAccident

SpecificMeteorologicalFieldsUsedToDerivePredictors

1.Temperature
2.Height
3.Totalwinds

4. Geostrophicwinds
5.Ageostrophicwinds
6.Omega
7.Absolutevorticity
8.Relativevorticity
9.Velocitydivergence

10.Verticaltotalwindshear

11.Isentropicpotentialvorticity
12.Equivalentpotentialvorticity
13.Potentialtemperature
14.Equivalentpotentialtemperature
15.Richardsonnumber
16.Thermalwind

17.Relativehumidity
18.Lapserate
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Table8.VerticalCrossSectionalFieldsoftheAtmosphereFrom
theSurfaceto100mb(~16km)andCenteredontheAccidentLocation

1.Jetnormalandtangentialtotalwinds
2.Jetnormalandtangentialpotentialtemperature
3.Jetnormalandtangentialequivalentpotentialtemperature
4. Origination-destinationtotalwinds
5. Origination-destinationpotentialtemperature
6. Origination-destinationequivalentpotentialtemperature
7. Origination-destinationisentropicpotentialvorticity
8. Origination-destinationequivalentpotentialvorticity
9. Origination-destinationRichardsonnumber

10.Origination-destinationrelativevorticity
11.Origination-destinationrelativehumidity
12.Origination-destinationtotalverticalwindshear

VerticalSoundingsattheAccidentLocation

1.Skew-t/log-p
2.Richardsonnumber

3. Brunt-vaisalafrequency
4. Verticaltotalwindshear
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Table9.PredictorFields

1. Immediateupstreamcurvature
2.Entrance/exitregionofthejetstream
3. Signofomega
4. Lapserate_>moistadiabatic
5. Directionoftheageostrophicwindvector
6. Signofthehorizontaltemperatureadvection
7. Signofthehorizontaladvectionofthetotalwindvelocityshear
8. Verticalvariationofthebrunt-vaisalafrequency>thresholdvalue
9.Flightlevelabsolutevorticity_<10.4s-1

10.Absolutevorticityaveragedovertwolevels_<10.4s-1

11.Flightlevelrelativevorticity_<0s-1
12.Relativemagnitudeofisobaricpvterms
13.Verticaltotalwindshear>thresholdvalue

14.Relativehumidity_>50%
15.Signofhorizontaladvectionoftheverticallapserate
16.Ageostrophicwindvelocity_>thresholdvalue
17.VerticalvariationoftheRichardsonnumber_>thresholdvalue

18.Verticalvariationofthetotalwindvelocityshear_>thresholdvalue
19.Richardsonnumber_<thresholdvalue

20.Convectiveclouds(allbases)<100kmfromaccidentlocation
21.Convectiveclouds(allbases)<30kmfromaccidentlocation
22.Ellrodindexvalues(EllrodandKnapp1992)
23.NCSUmodificationoftheEllrodindex(Ellrodindex/ipv)
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Table10.BestPredictorsfor44AccidentCaseStudies(%of44)

1.Immediateupstreamcurvature
2.Convectiveclouds(allbases)<100kmaway
3.Upwardverticalmotion

4. Layer-averagedabsolutevorticity_<10.4s-1
5.Jetentranceregion
6.Higherverticalshearadvection
7.Lapserate_>moistadiabatic

8.Absolutevorticityatflightlevel_<10.4s-1
9.Convectiveclouds(allbases)<30kmaway

10.Horizontalcoldadvection

11.Flightlevelrelativevorticity_<0s-1

12.Leftward-directedVageostrophicflOW

(98%)
(86%)
(82%)

(80%)

(77%)

(77%)

(77%)

(75%)

(74%)

(73%)

(68%)

(64%)

Table 11. Best Predictors for CAT Accident Case Studies (% of 16)

1. Immediate upstream curvature

2. Jet entrance region

3. Upward vertical motion

4. Convective clouds (all bases) < 100 km away

5. Lapse rate _>moist adiabatic

6. Leftward-directed Vageostrophic flOW

7. Layer-averaged absolute vorticity _<10 .4 s -1

8. Horizontal cold advection

9. Higher vertical shear advection

10. Flight level absolute vorticity _<10 .4 s-1

11. Convective clouds (all bases) < 30 km away

12. Flight level relative vorticity < 0 s-1

(lOO%)

(81%)

(Sl%)

(75%)

(75%)

(75%)

(69%)

(69%)

(69%)

(63%)

(63%)

(56%)
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Table 12. Best Predictors for TRW* Accident Case Studies (% of 13)

1. Flight level absolute vorticity _<10 .4 s -1

2. Layer-averaged absolute vorticity _<10 .4 s -1

3. Convective clouds (all bases) _< 100 km away

4. Immediate upstream curvature

5. Lapse rate _>moist adiabatic

6. Convective clouds (all bases) _<30 km away

7. Upward vertical motion

8. Flight level relative vorticity _<0 s -1

9. Higher vertical shear advection

10. Jet entrance region

11. Cold lapse rate advection

12. Horizontal cold advection

(lOO%)

(lOO%)

(93%)

(92%)

(85%)

(83%)

(77%)

(77%)

(77%)

(69%)

(69%)

(62%)

Table 13. Best Predictors for TRW Accident Case Studies (% of 8)

1. Convective clouds (all bases) _< 100 km away

2. Immediate upstream curvature

3. Horizontal cold advection

4. Convective clouds (all bases) _<30 km away

5. Upward vertical motion

6. Higher vertical shear advection

7. Flight level absolute vorticity _<10 .4 s -1

8. Layer-averaged absolute vorticity _<10 .4 s -1

9. Relative vorticity _<0 s-1

10. Cold lapse rate advection

11. Relative humidity _>50%

12. Jet entrance region

(lOO%)

(lOO%)

(lOO%)

(88%)

(88%)

(88%)

(75%)

(75%)

(75%)

(75%)

(64%)

(64%)
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Table 14. Best Predictors for CLD Accident Case Studies (% of 4)

1. Immediate upstream curvature

2. Jet entrance region

3. Convective clouds (all bases) _< 100 km away

4. Upward vertical motion

5. Cold lapse rate advection

6. Higher vertical shear advection

7. Convective clouds (all bases) _<30 km away

8. Flight level absolute vorticity _<10 .4 s -1

9. Layer-averaged absolute vorticity _<10 .4 s -1

10. Relative vorticity _<0 s-1

11. Horizontal cold advection

12. Relative humidity _>50%

(lOO%)

(lOO%)

(lOO%)

(lOO%)

(lOO%)

(lOO%)

(75%)

(75%)

(75%)

(75%)

(75%)

(75%)

Table 15. Best Predictors for MTN Accident Case Studies (% of 3)

1. Vertical shear _>threshold value

2. Immediate upstream curvature

3. Flight level absolute vorticity _<10 .4 s -1

4. Convective clouds (all bases) _< 100 km away

5. Convective clouds (all bases) _<30 km away

6. Upward vertical motion

7. Horizontal cold advection

8. Cold lapse rate advection

9. Lapse rate _>moist adiabatic

10. Layer-averaged absolute vorticity _<10 .4 s -1

11. Higher vertical shear advection

12. Vertical variation of the RichaJcdson

number > threshold value

(lOO%)

(lOO%)

(lOO%)

(67%)

(67%)

(67%)

(67%)

(67%)

(67%)

(67%)

(67%)

(67%)
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(a) 7 July 1994 NTSB accident narrative.

(b) GOES visible satellite imagery at accident location of South Bend, IN, valid at 2201 UTC 7 July 1994.

Figure 1. South Bend, IN, case study.
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(a)Height(lightsolidinm),windbarbs(halfbarb=5ms-l;fullbarb= 10ms-l;triangle=50ms-l),andisotachs
(darksolidinms-l).

t

!

(b) Height (light solid in m), temperature (dark solid in C), and relative humidity (dashed in %).

Figure 2. 0000 UTC 8 July 1994 NCEP Reanalyses 500 mb.
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36

(c) Height (light solid in m) and absolute vorticity (dark solid in S-1 X 10-5).

\

!

(d) Omega (solid in microbar/s).

Figure 2. Continued.
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(e) Vertical profile of Richardson number.

Figure 2. Concluded.
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(a) 16 March 1995 NTSB accident narrative.

(b) GOES visible satellite imagery at accident location of Alma, GA, valid at 1932 UTC 16 March 1995.

Figure 3. Alma, GA, case study.
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(a) Height (light solid in m), wind barbs

(dark solid in ms-l).

\

half barb = 5 ms-l; full barb = 10 ms-l; triangle = 50 ms-l), and isotachs

/

32

\

\
\

(b) Height (light solid in m) and temperature (dark solid in C).

Figure 4. 1800 UTC 16 March 1995 NCEP Reanalyses 200 mb.
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(c) Height (light solid in m) and absolute vorticity (dark solid in s -1 x 10-5).
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/

\
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(d) Omega (solid in microbar/s).

Figure 4. Continued.
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(e) Vertical profile of Richardson number.

Figure 4. Concluded.
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(a) 22 June 1996 NTSB accident narrative.

(b) GOES visible satellite imagery at accident location of Granite, CO, valid at 2145 UTC 22 June 1996.

Figure 5. Granite, CO, case study.
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(a) Height (light solid in m), wind barbs (half baJcb = 5 ms-l; full barb = 10 ms-l; triangle = 50 ms-l), and isotachs
(dark solid in ms-l).

\
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36

(b) Height (light solid in m), temperature (dark solid in C), and relative humidity (dashed in %).

Figure 6. 1800 UTC 22 June 1996 NCEP Reanalyses 300 mb.
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(c) Height (light solid in m) and absolute vorticity (dark solid in S -1 X 10-5).
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(d) Omega (solid in microbar/s).

Figure 6. Continued.
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(e) Vertical profile of Richardson number.

Figure 6. Concluded.
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A[{RCRAFT WAS I:NA2r [JEAgr MOIN_L_VFE TI-]L,,"NL'}ERS_:'_RMACTTVr_'Y .ANT_)NEAR AN AREA
OF: "_RY HEAVY O_ LE_: 4 A.CT_V_TY FLIGHT RE{>_R_)ER DATA _NDICATED P_AK G
FORCE:S _:RE :ENCGq._NTERED 4_) SEC_I.'}S AF'gEiR _3RBUL_,_CE [iNCg3UN'[E.K _qi_.}4G
FORGES WERE FRelT)M_ 5 T_I:}_,_5 C_UVE:R A THNEE: SgC:2f)¢_ _'ER:K)D.

T_E _ADVERTENT EN,COUN_R W_TH $E:VE_: TL_:g_JLEN:CE WF[ILE OPERATinG IN AN
AREA C_ T_IJ_RS;_RM ACTW]TY.

(a) 14 July 1990 NTSB accident narrative.

(b) GOES visible satellite imagery at accident location of Miami, FL, valid at 2001 UTC 14 July 1990.

Figure 7. Miami, FL, case study.
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(b) Height (light solid in m), temperature (dark solid in C), and relative humidity (dashed in %).

Figure 8. 1800 UTC 14 July 1990 NCEP Reanalyses 700 mb.
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(c) Height (light solid in m) and absolute vorticity (dark solid in s -1 x 10-5).

(d) Omega (solid in microbar/s).

Figure 8. Continued.
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(e) Vertical profile of Richardson number.

Figure 8. Concluded.
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(a) 18 July 1990 NTSB accident narrative.

(b) GOES visible satellite imagery at accident location of Fort Myers, FL, valid at 2101 UTC 18 July 1990.

Figure 9. Fort Myers, FL, case study.
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(a) Height (light solid in m), wind barbs (half barb = 5 ms-l; full barb = 10 ms-l; triangle = 50 ms-l), and isotachs

(dark solid in ms-l).
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(b) Height (light solid in m), temperature (dark solid in C), and relative humidity (dashed in %).

Figure 10. 1800 UTC 18 July 1990 NCEP Reanalyses 300 mb.
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(c) Height (light solid in m) and absolute vorticity (dark solid in S-1 X 10-5).
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(d) Omega (solid in microbar/s).

Figure 10. Continued.
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(e) Vertical profile of Richardson number.

Figure 10. Concluded.
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(a) 29 June 1994 NTSB accident narrative.

(b) GOES visible satellite imagery at accident location of East Hampton, NY, valid at 1801 UTC 29 June 1994.

Figure 11. East Hampton, NY, case study.
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(b) Height (light solid in m), temperature (dark solid in C), and relative humidity (dashed in %).

Figure 12. 1800 UTC 29 June 1994 NCEP Reanalyses 300 mb.
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(c) Height (light solid in m) and absolute vorticity (dark solid in s -1 x 10-5).

/

(d) Omega (solid in microbar/s).

Figure 12. Continued.

41



20O

225

250

275

300

325

350

375

400

425

450

475

500

"_" """ ""2

Y
1 v r 5r q 1 v •

5 10 15 20 25 30 35 40 45 50

(e) Vertical profile of Richardson number.

Figure 12. Concluded.
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On August 4, 1995, m 2248 eastern daylight time (e&), a Boeing 757, N509US, operated as Flight 52 by

Northwest Airlines, Incorporated, of Minneapolis, Minnesota. and piloted by aidine transporl rated crew,

encountered sudden, moderate, turbulence at flight level 270. The 14 CFR Part 121 flight was operating on

an IFR flight plan. One passenger received serious injuries as she was exiting the lavatory when the airplane

eneotmtered the turbulence, The seven person flight crew and 120 passengers reported no injuries. The

flight departed San Francisco, California, at 1852 edt

According to the pilot's written statement, the airplane had descended from flight level 410 and had just

leveled offal flight level 270, about 25 nautical miles east of Grand Rapids, Michigan, when it encountered

the sudder_ moderate turbulence. He said the airplane's weather radar was on the g0 mile scan and showed

no weather. He said the seat belt sign had been put on and an announcement was made advising the

passengers to expect "bumps" on the approach into the Detroit Metropolitan Wayne County Airport, Detroit,

Michigan. The company's Director of Flight Safety said the seat belt sign waS "...turned on at the top of[the]

descent which would have been about $ mimrtes,., pfor to the encounter with the turbulence,"

The director said the flight attendants reports concerning the incident did not "...indicate that anyone saw the
lady enter the lavatory." He said it is presumed that the passenger was in the lavatory when the seat belt sign

was turned on. The airplane's lavatories are equipped with a public address speaker, flight attendant ca]l

button+ _d a sign that reads: "Return To Seat" when the seat belt sign is illuminated in the passenger cabin.

The first officer said the flight was initially cleared to flight level 230. However, according to her statement,
the FAA controller changed the clearance to flight level 270 because the flight would have "...the best

hde..." at that altitude.

According to the airline's dispatclVmeteorology department weather data, the area around Flight 52 had been

exper/encing 3lifts coverage of level three and four thunderstorms.

(a) 4 August 1995 NTSB accident narrative.

(b) GOES infrared satellite imagery at accident location of Grand Rapids, MI, valid at 0245 UTC 4 August 1995.

Figure 13. Grand Rapids, MI, case study.

43



\

/14

_._=Sr.(z-..... .

(a) Height (light solid in m), wind barbs (half barb = 5 ms-l; full barb = 10 ms-l; triangle = 50 ms-l), and isotachs
(dark solid in ms-l).

/
\

(b) Height (light solid in m), temperature (dark solid in C), and relative humidity (dashed in %).

Figure 14. 0000 UTC 4 August 1995 NCEP Reanalyses 300 mb.
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(c) Height (light solid in m) and absolute vorticity (dark solid in S-1 X 10-5).

\

(d) Omega (solid in microbar/s).

Figure 14. Continued.
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(e) Vertical profile of Richardson number.

Figure 14. Concluded.
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(a) Height (light solid in m), wind barbs
(dark solid in ms-l).

:g:_

half barb = 5 ms-l; full barb = 10 ms-l; triangle = 50 ms-l), and isotachs

(b) Height (light solid in m), temperature (dark solid in C), and relative humidity (dashed in %).

Figure 15. 0000 UTC 24 March 1991 NCEP Reanalyses 300 mb.

47



]

44

/

36

-92

(c) Height (light solid in m) and absolute vorticity (dark solid in S-1 X 10-5).

\

(d) Omega (solid in microbar/s).

Figure 15. Continued.
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(e) Vertical profile of Richardson number.

Figure 15. Concluded.
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